Acute exercise benefits cognition, and some evidence suggests that brain-derived neurotrophic factor (BDNF) plays a role in this effect. The purpose of this study was to explore the doseresponse relationship between exercise intensity, memory, and BDNF. Young adults completed 3 exercise sessions at different intensities relative to ventilator threshold (Vt) (VO2max, Vt -20%, Vt + 20%). For each session, participants exercised for approximately 30 min. Following exercise, they performed the Rey Auditory Verbal Learning Test (RAVLT) to assess short-term memory, learning, and long-term memory recall. Twenty-four hours later, they completed the RAVLT recognition trial, which provided another measure of long-term memory. Blood was drawn before exercise, immediately postexercise, and after the 30-min recall test. Results indicated that long-term memory as assessed after the 24-hr delay differed as a function of exercise intensity with the largest benefits observed following maximal intensity exercise. BDNF data showed a significant increase in response to exercise; however, there were no differences relative to exercise intensity and there were no significant associations between BDNF and memory. Future research is warranted so that we can better understand how to use exercise to benefit cognitive performance.
term memory (SMD = 0.52). As a result of the consistently reported positive effects of acute exercise on cognitive performance, recent research has begun to focus on understanding potential mechanisms underlying this beneficial effect. One mechanism of interest is brain-derived neurotrophic factor (BDNF).
BDNF is of particular interest in understanding the effects of acute exercise on cognitive performance for a number of reasons. First, BDNF is thought to play a key role in the health of the central nervous system because of its impact on neuronal survival, growth, and maintenance (Cotman & Engesser-Cesar, 2002) . Second, BDNF has been implicated in the consolidation of memory both in nonhuman animal studies (Johnston & Rose, 2001; Mu, Li, Yao, & Zhou, 1999; Tang et al., 1998) and in human studies (Egan et al., 2003; Hariri et al., 2003) . Third, a review of the literature has concluded that a single session of exercise can increase BDNF measured in the periphery (Knaepen, Goekint, Heyman, & Meeusen, 2010) . Finally, there is evidence that BDNF crosses the blood-brain barrier (Pan, Banks, Fasold, Bluth, & Kastin, 1998; Poduslo & Curran, 1996) and that measures of BDNF in the central nervous system (cBDNF) correlate with measures of BDNF from the periphery (pBDNF) (Rasmussen et al., 2009; Seifert et al., 2010) . However, it is important to point out that these latter findings are equivocal-some authors have argued that BDNF does not cross the blood-brain barrier (Pardridge, 2007; Pardridge, Wu, & Sakane, 1998) , and results from one study do not support a link between pBDNF and cBDNF (Kyeremanteng, James, Mackay, & Merali, 2012) . Despite the evidence supporting the potential role of BDNF in explaining the effects of exercise on cognitive performance, thus far very few studies with humans have examined the effects of acute exercise on BDNF relative to the behavioral effects observed on cognitive measures (Ferris, Williams, & Shen, 2007; Griffin et al., 2011; Lee et al., 2014; Skriver et al., 2014; Tonoli et al., 2015; Tsai et al., 2014; Winter et al., 2007) .
In reviewing the literature on acute exercise, pBDNF, and cognitive performance, there are several evident commonalities. In all of these studies, BDNF was assessed from serum (Ferris et al., 2007; Griffin et al., 2011; Lee et al., 2014; Skriver et al., 2014; Tonoli et al., 2015; Tsai et al., 2014; Winter et al., 2007) or plasma (Skriver et al., 2014) and hence provides a measure of pBDNF (henceforth referred to as BDNF). In response to acute exercise, all of the studies demonstrated improvements in measures of cognitive performance, and all of the studies that used serum measures demonstrated increases in BDNF. There is a lack of consistency, however, with regard to reports of significant associations between changes in BDNF and changes in cognitive performance. Winter et al., Lee et al., and Skriver et al. reported positive associations between BDNF and cognitive performance; Ferris et al. and Tsai et al. observed nonsignificant relationships; and Griffin et al. and Tonoli et al. did not test the relationship. Importantly, in all of the studies demonstrating a positive relationship, cognitive performance was assessed using memory tasks including measures of relational memory (Winter et al., 2007) , working memory (Lee et al., 2014) , and motor memory (Skriver et al., 2014) . By contrast, in the two studies in which an association between BDNF and cognition was not found, the cognitive measure was not a measure of memory. In these studies, the cognitive measures used were measures of attention (Tsai et al., 2014) , information processing (Ferris et al., 2007) , and executive function (Ferris et al., 2007) . Given that the extant literature supporting the role of BDNF in cognitive performance has focused on measures of memory and learning (Egan et al., 2003; Hariri et al., 2003) , the choice of cognitive measures in Ferris et al. and Tsai et al. may have limited their ability to observe relationships.
In looking more closely at the studies demonstrating relationships between BDNF and memory, there is only one study in which a dose-response relationship between exercise intensity and memory was tested. Winter et al. (2007) used a within-subjects design to compare the effects of 15 min of quiet rest, 40 min of low-intensity (aerobic) running, and 6 min of high-intensity (anaerobic) running before a visual paired associate learning session that consisted of five blocks of trials followed by retention measures at 1 hr, 24 hr, and 7 days. Results for learning showed that the high-intensity condition resulted in quicker learning of the paired associations and better long-term memory after 1 week than in either of the other conditions. Results also showed that those who had more sustained elevations of BDNF (change from postexercise to postlearning) following the high-intensity exercise also had better immediate learning. The results of this study show that high-intensity exercise benefits memory, but they do not provide a robust test of the dose-response relationship between exercise intensity and memory. This is because while the exercise conditions differed in terms of intensity, they also differed dramatically in terms of the duration of the exercise (40 min vs. 6 min) and the energy source required for exercise (aerobic vs. anaerobic) . This makes it difficult to understand how intensity per se is related to either the behavioral or the physiological responses to the exercise.
Thus, the primary purpose of this study is to extend the previous research by exploring doseresponse relationships between exercise intensity and memory and by testing associations with exercise-induced changes in BDNF. The design that was adopted for this study was based upon Ferris et al. (2007) , who measured BDNF and cognitive performance in response to a maximal graded exercise test (GXT), a ventilatory threshold (Vt) + 10% condition, and a Vt -20% condition. Although they did not assess memory, they provided evidence of a dose-response relationship between exercise intensity and BDNF with BDNF increasing by 30% in the GXT condition, by 13% in the Vt + 10% condition, and by 10% in the Vt -20% condition. Because of our interest in understanding how BDNF might explain cognitive benefits of acute exercise, we hoped to achieve similar changes in BDNF by using (and slightly adapting) these same exercise intensities. Thus, we also included a maximal exercise condition and a Vt -20% condition, and then, to attempt to obtain a larger spread between the levels of BDNF observed, we included a Vt + 20% condition. Based upon the findings of Winter et al. (2007) and the expected BDNF effects observed by Ferris et al., it was hypothesized that BDNF would increase more and that memory would benefit more from maximal intensity aerobic exercise than from either other intensity of aerobic exercise.
A second purpose of the study was to examine how dose-response relationships between exercise intensity and memory performance might be further distinguished by determining whether the effects are evident for short-term memory, learning, or long-term memory. It was expected that results would differ depending upon the particular type of memory examined. In particular, based upon the findings of Winter et al. (2007) , we anticipated that intensitydependent effects would be most evidence for measures of long-term memory. Given that BDNF has been implicated as important for both short-and long-term hippocampal-dependent memory (Lu, Christian, & Lu, 2008) , this is an important direction for research.
Methods

Participants
Sixteen young (M = 23.06 years, SD = 2.18) adult men (n = 9) and women (n = 7) participated in the study. Female participants were tested during the early follicular phase of their menstrual cycle, and estradiol was assessed to ensure that there were not differences across testing days. Participants were instructed to drink 1 L of water the night before each session, not to eat or drink anything except water after midnight and before testing, to abstain from smoking in the 3 hr before testing, and to abstain from exercise before testing.
Memory Task
The Rey Auditory Verbal Learning Test (RAVLT) measures episodic memory and was used to assess learning, short-term memory, and long-term memory (Schmidt, 1996) . There are several versions of the RAVLT, and for this study we selected three versions that have been shown to be equally difficult in a sample of college students (Schmidt, 1996) . The use of alternate forms of the RAVLT is especially important in a repeated-measures design to reduce any practice effects that may bias the results. In particular, the word lists used were from Lezak (1983) ; Crawford, Stewart, and Moore (1989) ; and Majdan, Sziklas, and Jones-Gotman (1996) . The particular word list used during a given session was selected at random. For each session, participants were read a primary word list (List A) consisting of 15 words. After hearing List A, participants were asked to recall as many words as they could remember in any order. List A was repeated a total of five times (Trials 1-5), and participants were asked to recall the words following each trial. Performance on Trial 1 is considered to be indicative of short-term memory. The change in performance across Trials 1-5 provided a measure of learning (Lezak, Howieson, & Loring, 2004) . After the fifth trial, participants heard a new list of 15 words (List B) and were asked to recall as many of these new words from List B as possible (Trial B). Then, without hearing the list again, they were asked to recall as many words from List A as they could remember (Trial 6). Following Trial 6, participants were asked to sit quietly or to read until 30 min following exercise. At this time, participants were asked to again recall as many words as possible from List A (30-min recall).
The next day (approximately 24 hr later), participants were contacted by telephone to complete the 24-hr recognition test. They were read a list consisting of the words from List A, the words from List B, and 20 distractor words that were on neither original list presented in a mixed order. They were asked to verbally identify whether each word had been on List A, List B, or neither list. Performance at the 24-hr recognition test was operationalized as the total number of words correctly identified as having been heard before (24-hr recognition) and the number of words correctly attributed as being from List A or List B (24-hr attributions). These provided additional measures of long-term memory.
Maximal Graded Exercise Test
Participants completed a horizontal running protocol on a treadmill to assess VO2max and Vt. The horizontal running protocol was used to be most similar to the other two exercise sessions in terms of the grade of the treadmill (0% grade) and the duration of the test. Using horizontal running protocols, participants typically reach maximal voluntary exertion after approximately 30 min, which was the duration used for the other two exercise sessions. Participants were fitted with a face mask that covered their nose and mouth and that allowed for the capture of exhaled air by the metabolic cart (Vmax 229LV LITE, SensorMedics, Yorba Linda, CA). They then performed one of two horizontal running protocols dependent upon their estimated fitness, which was judged based upon their responses to the National Health and Nutrition Examination Survey. This was done so that the duration of the exercise would be approximately 30 min. Participants who were expected to have low to normal fitness levels ran the horizontal running protocol 60, which begins at 3.54 kph. Participants who were expected to have higher fitness levels ran the horizontal running protocol 120, which skips the first six stages used in the other protocol and begins at 7.24 kph. In both protocols, the speed of the treadmill was increased by 0.64 kph every 2 min. Maximal volitional exhaustion was identified when participants reached two of three criteria (respiratory exchange ratio > 1.1, plateau in VO2, rating of perceived exertion [RPE] > 17) established by the American College of Sports Medicine (2014). As soon as the participant reached maximal volitional exhaustion, the speed of the treadmill was lowered to 3.22 kph for a cooldown that lasted no longer than 3 min. Vt was identified from the GXT data using the automated software available on the Vmax system. The Vmax system uses dual criteria of Ve/VO2 (ventilation relative to oxygen consumption) and Ve/VCO2 (ventilation relative to carbon dioxide) to identify Vt. Once Vt was identified, the treadmill speeds associated with Vt -20% and Vt + 20% were then established. Approximately 35 min after completing the maximal test (after the memory task had been completed), participants were asked to put the face mask back on and to exercise for 3-5 min more on the treadmill. During this time, researchers used the treadmill speed associated with the Vt -20% and confirmed that the selected speed would produce the proper heart rate and VO2 response. If the speed did not produce the correct heart rate and VO2 response, minor adjustments in speed were made until the correct heart rate and VO2 associated with Vt -20% were reached. Next, the same steps were followed for Vt + 20% to confirm the proper speed selection.
Submaximal Exercise Sessions
Both of the submaximal sessions included a 3-min warm-up followed by 27 min of exercise at the prescribed exercise intensity (for a total exercise time of 30 min). Following this, the treadmill speed was reduced and participants were allowed to continue running or walking on the treadmill for not longer than 3 min as a cooldown.
Blood Draws, Handling, and Assays
Blood samples were taken using venipuncture from the antecubital vein at three time points. These time points were before exercise (pre-exercise), immediately after exercise (postexercise), and immediately after 30-minute recall (post-memory test). Two 7 mL samples were collected in serum tubes at each time point so that duplicate assays could be conducted. The blood samples were handled and assayed in accord with the procedures published by Quantikine (http://www.rndsystems.com/pdf/DBD00.pdf) for the assessment of BDNF. Pre-exercise samples from the female participants were also assayed using an enzyme-linked immunosorbent assay (ELISA) from ALPCO (Salem, NH) to assess total estradiol.
Procedures
A repeated-measures design was used in this study. Participants came to the laboratory for three testing sessions (see Table 1 ). Sessions were at least 48 hr apart, began between 6 and 9 a.m. and, for a given participant, started at essentially the same time of day (within a 1-hr period). On the first day, participants were asked to read and sign a written informed consent approved by the university's Institutional Review Board. In the first session, all participants performed the maximal graded exercise test so that the effects of maximal intensity exercise on cognition could be observed and to provide an assessment of Vt to be used in the subsequent sessions. In sessions 2 and 3, participants performed a submaximal exercise session for 30 min at one of two randomly selected exercise intensities (Vt -20%, Vt + 20%). For all testing days, participants were fitted with a heart rate monitor and asked to sit quietly for 5 min. Following this rest period, resting heart rate was recorded (resting HR). Participants then had their blood drawn (pre-exercise) and moved to the treadmill. Next, they exercised at their assigned exercise intensity level for that day. Measures of HR and RPE using the Borg 6-20 scale (Borg, 1982) were assessed every 3 min throughout the exercise session. Following exercise, blood was drawn (postexercise) and participants were asked to perform Trials 1-5, Trial B, and Trial 6 of the memory task. For the next 30 min, participants were allowed to read on their own. Immediately following this, they were asked to perform Trial 7 (the recall trial of the memory test) and then blood was drawn again (post-memory test). The following day (approximately 24 hr later), participants were called at a scheduled time and were asked to perform the recognition trial.
Statistical Analyses
To ensure that baseline levels of BDNF and estradiol (women only) were equivalent across testing sessions, one-way repeated-measures analyses of variance (RM ANOVAs) were conducted as a function of exercise intensity (Vt -20%, Vt + 20%, VO2max). As a manipulation check, RM ANOVAs were used to examine exercise performance (work, maximum heart rate, and average RPE) as a function of exercise intensity. In addition, a single-sample t test was used to compare the duration of the exercise in the VO2max condition with 30 min (the amount of time established a priori for the Vt -20% and Vt + 20% conditions).
Performance on the memory test was analyzed for short-term memory (Trial 1), learning (performance on Trials 1-5), and long-term memory (30-min delay, 24-hr recognition, 24-hr attributions). Trial 1, 30-min delay, and 24-hr attributions were analyzed using separate RM ANOVAs with exercise intensity as the within-subject independent variable. Performance across Trials 1-5 was assessed using a 3 × 5 RM ANOVA to assess the effects of exercise intensity and trials (1-5) on performance.
BDNF was examined using a 3 × 3 RM ANOVA to analyze exercise intensity and time (preexercise, postexercise, post-memory test) effects. Relationships between BDNF and memory were examined within each exercise intensity level (as performed by Winter et al., 2007) with alpha adjusted by the number of correlations conducted (α = .05/16 = .003). The BDNF variables that were used were the postexercise level, the postrecall level, the change from pre-exercise to postexercise expressed as percent gain, and the maintenance of BDNF defined as (postrecallpostexercise)/postexercise. The memory variables included in the correlation analyses were Trial 1, 30-min delay, 24-hr recognition, and 24-hr attributions.
For all RM ANOVAs, the sphericity assumption was examined when appropriate, and if necessary a Huynh-Feldt adjustment was made to the degrees of freedom. Partial eta-squared (η 2 partial) is presented as a measure of effect size. Following observation of significant effects, Bonferroni post hoc pairwise comparisons were conducted.
Results
Descriptive information regarding the sample is provided in Table 2 . 
Baseline Levels
There were no significant differences in estradiol, F(2, 8) = 0.25, p > .05, η 2 partial = .06, or BDNF, F(2, 28) = 0.03, p > .05, η 2 partial = .002, at baseline between any of the testing sessions.
Exercise Performance
Descriptive data for work (kilometers completed), maximum heart rate, and RPE are shown in Table 3 . There were significant differences in work, F(2, 28) = 15.92, p < .001, η 2 partial = 0.53; maximum heart rate, F(2, 28) = 92.40, p < .001, η 2 partial = 0.87; and average RPE, F(1.27, 17.79) = 11.17, p < .01, η 2 partial = 0.44 as a function of exercise intensity. As expected, the maximum heart rate observed during exercise was significantly higher for the VO2max condition as compared with the Vt + 20% condition, which was significantly higher than the Vt -20% condition. Also as expected, the amount of work completed was significantly higher for the Vt + 20% condition as compared with the VO2max condition and the Vt -20% condition. For RPE, the average RPE was significantly higher for the Vt + 20% condition and the VO2max condition as compared with the Vt -20% condition. In performing the VO2max test, participants exercised for an average of 29 min (SD = 6 min 2 s), which was not significantly different from the 30 min of exercise performed in the other two exercise intensity conditions, t(15) = -0.67, p > .05. 
Memory Performance
Short-Term Memory. Results for short-term memory indicated that there was not a significant difference in Trial 1 performance as a function of exercise intensity, F(2, 28) = 0.85, p = .44, η 2 partial = 0.06.
Learning.
Results for Trials 1-5 indicated that there was a nearly significant difference in performance as a function of exercise intensity, F(2, 26) = 3.30, p = .05, η 2 partial = 0.20, and there was a significant difference as a function of trials, F(4, 52) = 121.02, p < .001, η 2 partial = 0.90. The main effect for trials indicated that performance on the memory task improved significantly from Trial 1 (M = 6.74, SE = 0.29) to Trial 2 (M = 9.36, SE = 0.41) to Trial 3 (M = 11.12, SE = 0.48) and then plateaued, such that performance at Trial 3 was not significantly different from Trial 4 (M = 11.83, SE = 0.28), and Trial 4 was not significantly different from Trial 5 (M = 12.48, SE = 0.38). The interaction of Exercise Intensity × Trial was not significant, F(8, 104) = 0.45, p = .89, η 2 partial = 0.03. (See Figure 1.) Long-Term Memory. Performance at the 30-min delay did not differ significantly as a function of exercise intensity, F(2, 28) = 1.80, p > .05, η 2 partial = 0.11.
There was a significant difference in 24-hr recognition as a function of exercise intensity, F(2, 28) = 4.25, p = .02, η 2 partial = 0.23, such that performance was significantly better after the Similarly, 24-hr attributions were significantly different as a function of exercise intensity, F(2, 28) = 5.78, p = .008, η 2 partial = 0.29, with means indicating that performance was significantly better after the VO2max condition (M = 20.13, SE = 0.74) as compared with the Vt -20% condition (M = 16.73, SE = 0.96). Performance after the Vt + 20% condition was not significantly different from either of the other exercise intensity conditions (M = 17.67, SE = 1.12). (See Figure 2.) BDNF Results for the BDNF data indicated that there was a significant main effect for time, F(2, 26) = 11.16, p < .001, η 2 partial = 0.46, but the main effect for exercise intensity, F(2, 26) = 0.95, p > .05, η 2 partial = 0.07, and the interaction of Exercise Intensity × Time F(2.73, 35 .43) = 0.92, p > .05, η 2 partial = 0.07, were not significant (see Figure 3 ). The main effect for time indicated that serum BDNF increased significantly from baseline (M = 15438.3 ± 1577.1 pg/mL) to postexercise (M = 21502.93, SE = 2117.42) and then decreased significantly by 30-min postexercise (M = 17010.20, SE = 1074.24) to a level that was not significantly different from baseline. 
Correlations Between BDNF and Long-Term Memory
Associations between measures of BDNF and memory were not significant (p > .003) for any of the relationships assessed from data obtained during the VO2max, the Vt + 20%, or the Vt -20% exercise intensity conditions. These findings are available upon request.
Discussion
The primary purpose of this study was to test the dose-response effects of exercise intensity on memory performance and to assess the relationship between BDNF responses to exercise and memory. A secondary goal was to assess how these relationships might differ for learning, shortterm memory, and long-term memory. This is an important direction for future research because of our limited understanding of how exercise intensity influences cognitive performance and because of the importance of identifying underlying mechanisms of the effects of exercise on memory.
Results indicated that there was no significant difference in short-term memory as a function of condition. Thus, the various intensities of exercise did not differentially influence how many words participants were able to recall following the first exposure to the word list. This particular memory measure was not reported in Winter et al. (2007) or in Skriver et al. (2014) , so a direct comparison between these studies is not possible. Based upon the results of a previous metaanalysis (Roig et al., 2013) , we anticipated that exercise would have a small positive effect on short-term memory; however, because a no-treatment control group was not used, we are not able to draw conclusions from these results as to whether acute exercise influenced short-term memory. That is, while we expected that exercise would benefit memory, because a no-treatment control group was not used, we do not know if participants performed better than, the same as, or worse than a no-treatment control would have performed. That being said, the results from the current study certainly suggest that acute exercise does not influence short-term memory in an intensity-dependent way, at least as a function of the exercise intensities included in this study. Evidence from a meta-analytic review (Chang et al., 2012) indicates that there is an association between exercise intensity and cognitive performance assessed after exercise that is moderated by the timing of the cognitive tests. In particular, exercise at lower intensities has been shown to be most beneficial for cognitive performance assessed immediately after exercise while exercise at higher intensities is better for cognitive performance assessed after a delay following exercise. Given these meta-analytic results, it seems possible that the lowest intensity exercise condition in this study (Vt -20%) was not a low enough intensity to benefit short-term memory. Hence, future research will be needed to determine if short-term memory is sensitive to intensity effects when a broader range of intensities is used.
There was a significant difference in learning of the word list across exposures (Trials 1-5) such that participants remembered increasingly more words after each exposure until Trial 3 at which point they maintained their ability to remember words across Trials 4 and 5. The difference in learning as a function of exercise intensity was nearly significant. Given the limited research exploring the dose-response effects of exercise intensity on memory performance and the wellknown arguments against the sanctity of α = .05 (Rosnow & Rosenthal, 1989; Trafimow, 2014) , we believe that consideration of this nearly significant effect is warranted. Hence, we conducted additional two-way RM ANOVAs to compare performance on Trials 1-5 of the RAVLT between the VO2max day and the Vt -20% day and to compare between the Vt + 20% day and the Vt -20% day. Results of these analyses indicated that there was a significant effect for condition for the first comparison indicating that learning across trials was significantly better on the VO2max day than the Vt -20% day, F(1, 13) = 5.75, p < .05. However, there was no significant difference in learning between the Vt + 20% day and the Vt -20% day, F(1, 13) = 3.97, p = .07. Future study is needed to identify whether this is a reliable effect indicating that learning is best after exercising to maximal voluntary exhaustion. Importantly, the finding in this study that the highest exercise intensity administered resulted in the best memory performance is similar to the findings for learning reported by Winter et al. (2007) , who observed that learning speed (the increase in correct responses across trials) was significantly better following the highintensity exercise session as compared with the low-and moderate-intensity exercise sessions.
Findings for long-term memory (24-hr recognition and 24-hr attributions) indicated that memory performance 24 hr following the exercise session was significantly better as a result of completing the VO2max test as compared with completing the Vt -20% session. This finding is also consistent with Winter et al. (2007) , who reported that long-term memory was significantly better following the high-intensity exercise session as compared with the moderate-intensity session. In addition, this finding is consistent with the aforementioned meta-analytic finding that higher intensity exercise is most beneficial for cognitive performance when assessed after a delay following exercise.
With regard to the changes in BDNF as a function of exercise, the results of this study support past literature showing that a single session of exercise increases peripheral levels of BDNF as assessed in the serum (Ferris et al., 2007; Griffin et al., 2011; Lee et al., 2014; Lu et al., 2008; Rasmussen et al., 2009; Rojas Vega et al., 2006; Tang, Chu, Hui, Helmeste, & Law, 2008; Tonoli et al., 2015; Tsai et al., 2014; Winter et al., 2007) . Interestingly, BDNF did not change in a dose-response fashion with respect to the intensity of the exercise bout. In fact, results indicated that the three conditions resulted in similar relative change in response to the exercise (VO2max: 43% increase; Vt + 20%: 48% increase; Vt -20%: 37% increase). This finding was unexpected given past evidence of a positive relationship between exercise intensity and BDNF concentrations in serum (Knaepen et al., 2010) . This lack of significant change in serum BDNF despite seeing an exercise intensity effect for learning and long-term memory may explain why there were no significant correlations between BDNF measures and memory measures. This failure to observe an association between BDNF and memory can be interpreted in a number of ways. First, it is possible that BDNF is not the mechanism by which acute exercise affects memory performance. However, this may be an overstatement given some of the limitations inherent in this study. In particular, one limitation is that we only assessed BDNF in the periphery, and it is possible that changes in BDNF observed in this study are not related closely enough to the changes that occur centrally for this association to reach significance. In other words, the measures of BDNF assessed in the periphery may not correlate tightly enough with measures of central BDNF to provide a fair indication of the extent to which BDNF influences exercise-induced memory benefits. A second limitation is that we used a commercially available ELISA kit that primarily assesses the mature isoform of BDNF, and it is possible that mature BDNF may not provide the best evidence with regard to this research question. Piepmeier and Etnier (2015) have argued that future studies would benefit from specifically exploring two of the BDNF isoforms (pro, mature) that serve contrasting roles with regard to cellular activation during memory tasks. Despite the limitations inherent in this study, given the previously described rationale for exploring BDNF as a mechanism of the effects of exercise on memory and the promising evidence from animal studies, we believe that future research should continue to explore BDNF.
Before discussing the implications of this study, it is important to acknowledge the delimitations of this study. We refer to these as "delimitations" because these were recognized shortcomings that we accepted a priori as we considered participant burden (3 testing days, repeated blood draws) relative to the addition of more testing sessions (i.e., a nonexercise day, a second VO2max session on a randomly assigned day). First, although the duration of the exercise on the VO2max day was not significantly different from the exercise duration on the Vt + 20% and the Vt -20% days, there was variability in the duration of this session across participants (SD = 6 min 2 s), which might then have made the effects on memory more variable. We created a scenario such that the VO2max test would take approximately 30 min to complete (by using a "flat" protocol and by individualizing the initial starting speed based upon self-reported physical activity levels).
However, this shortcoming could not be completely eradicated because every individual reached his or her maximal capacity at slightly different times.
A second limitation of the study is that although the Vt + 20% and the Vt -20% conditions were performed in a randomized order, the VO2max condition was performed by all participants on the first day of the study (so that Vt could be identified). This limitation was partially addressed by randomly assigning equivalent word lists to the various conditions. However, it is possible that performance on the VO2max day was impacted by this also being the first day of participation in the study. That being said, this explanation would likely have resulted in performance on that day being worse than it would have been at subsequent sessions (performance was likely to improve because of familiarity with the testing scenario). Given that performance was actually the best on the VO2max day, the limitation of performing the VO2max day first is not itself a likely explanation of the results. Third, because the primary purpose of the study was to compare exercise of various intensities, a no-treatment control condition was not included; thus comparisons in performance can only be made relative to exercise intensity. Although a metaanalytic review of the literature on memory (Roig et al., 2013) showed that acute exercise has a small effect on short-term memory and a larger effect on long-term memory, additional research is warranted to further our understanding of the extent to which acute exercise influences shortterm memory as compared with no treatment and as a function of exercise intensity.
Lastly, it is intriguing to think about the differences in the effects that were observed in this study relative to the notion of workload. In our study design, we equated the duration of the exercise and manipulated intensity level. However, it is important to note that although participants in the VO2max condition exercised to volitional exhaustion and presumably reached the highest intensity of exercise that they were capable of after approximately 30 min of exercise, they were not exercising at maximal intensity for the entire session. In fact, they built up to this level of intensity gradually so that the actual total amount of work completed and the average perceived effort during the various exercise conditions was greatest for the Vt + 20% session followed by the VO2max session and then the Vt -20% condition. Although not significant, the changes in BDNF in response to exercise show a similar pattern with the biggest change observed after Vt + 20% (48%), followed by VO2max (43%), followed by Vt -20% (37%). This has us wondering whether it is the high intensity per se that is most important in predicting changes in memory (with the highest intensity, VO2max, being the best) or whether it is the total work completed in a fixed period of time that is most important with a moderate amount's being best (as achieved during the VO2max day).
Given the necessary delimitations of our study, future research focused on the dose-response effects of exercise intensity on memory (and BDNF) would benefit from using a design whereby VO2max is assessed on the first day of testing as a marker of fitness and for the express purpose of assigning future workload. Then participants would be asked to perform additional testing sessions in a randomly presented order to examine dose-response effects. For instance, one could begin to address the question of the effects of intensity and duration while controlling for workload by designing a study that equated exercise sessions on total work completed but achieved this through very different intensity/duration combinations (high intensity, short duration vs. low intensity, long duration). The challenge in this area of research is to understand more clearly the aspect of the acute exercise that is important for predicting the effects on cognitive performance. At this time, we do not know if intensity, duration, or work is most important for determining the effects on cognition, and, since these variables are inextricably linked to one another, it is challenging to design studies that control for two of these while systematically manipulating the third.
Additional suggestions with regard to future research are related to the assessment of BDNF. One important consideration is that BDNF itself is influenced by learning (Kesslak, So, Choi, Cotman, & Gomez-Pinilla, 1998) . Because of this, if we are to better understand the role of BDNF in explaining the effects of exercise on memory, studies must test the effects of exercise and learning in isolation versus the effects of exercise and learning in combination to better understand their unique and synergistic influences on BDNF. A second important consideration is that by focusing on peripheral measures of total BDNF, we clearly are not providing insights as to the actual effects of exercise on cBDNF that are important for learning. As previously mentioned, pBDNF are only indirectly linked to cBDNF, and mature and immature forms of BDNF have different effects in the central nervous system. Further, and importantly, we know that BDNF exerts its influence on long-term potentiation through the effects of mature BDNF on the TrkB signaling cascade (Minichiello, 2009) . Clearly, much additional work is needed before we can fully understand precisely how exercise might influence long-term potentiation through BDNF-mediated effects on the TrkB signaling cascade.
In sum, results of this study support a threshold effect of exercise intensity on learning and longterm memory and are consistent with Winter et al. (2007) in suggesting that an acute bout of higher intensity exercise (VO2max) results in significantly better effects than lower intensity exercise (-20% Vt). This is an intriguing finding because of the obvious implications for learning paradigms such as might be seen in school settings. It is possible that participation in high-intensity exercise for 30 min could have benefits in terms of academic performance. At the other end of the aging spectrum, if maximal intensity exercise benefits long-term memory, then perhaps exercise may be used as an intervention to benefit persons suffering from mild cognitive impairment. Although the results of this study do not support a role of serum BDNF in predicting memory performance, we believe future research should continue to explore BDNF and look forward to the day when BDNF can be assessed in the human central nervous system while also encouraging researchers to use assay techniques that allow for a distinction between BDNF isoforms in serum.
